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ABSTRACT 


The temperature dependence of the apparent dielect- 
ric constants of several hydrates of chromic sulfate and of 
aluminum sulfate octodecahydrate has been determined for the 
temperature range 90 to 250°A. All violet hydrates of chromic 
sulfate show an anomaly in the dielectric constant at 195°A 
which is not observed in the green hydrate. No didgtinct anom- 


aly was observed for the hydrated aluminum sulfate. 
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1 INTRODUCTION 


Transitions are described as being of different “orders" 
according to the way in which properties such as free energy, 
entropy, volume and heat capacity vary in the vicinity of the 
transition point. Phase changes and normal polymorphic 
changes are first order transitions with which are associated 
a latent heat, a volume change, and an entropy change. 

There is a break in the Cp vs T curve, Cp being effectively 
infinite while the transition is taking place at constant 
temperature. A transition for which4M5 and AVare both zero 
at the critical temperature, but Cp and the expansion coeff- 
icient are discontinuous, is called a second order transition, 
and theoretically transitions of higher order are possible. 

The specific heat curves of a considerable number of 
solids show an abnormal rise in Cp at what is called, 
because of the shape of the Cp vs T curve, a \-point. A 
typical curve is shown in figure number 2 together with 
that for a first order transition for comparison. The 
characteristics of \-points are: 

(1) The anomaly extends over a large temperature 

range, perhaps down to absolute zero. 

(2) The anomaly ceases sharply at the \-point, 

at which Cp has its maximum value. 

(3) The maximum Cp value varies widely in diff- 


erent cases, and since the curve rises very 
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steeply it is difficult to establish the mex- 
imum value, Any maximum values given are under- 
stood to be lower limits only. 

(4) The shape of the curve varies from substance 
to substance. 

Although the precisé nature of these \-transitions is not 
completely understood, it is certain that they are cooper- 
ative phenomena of one kind or anotherl, Examples of this 
type of transition ares 

(1) The sudden onset of ferromagnetism or anti- 
ferromagnetism below a critical temperature, 
above which the substance is paramagnetic, 

(2) The onset of ferro-electricity or antiferro- 
electricity in certain substances below a 
critical temperature, 

(3) Order-disorder transitions in metallic alloys.~< 

(4) The so-called "libration-rotation" transitions 


in certain solids. 


1 ¢.f. Fowler, R.H., Statistical Mechanics p 798 et seq. 
Second edition, Cambridge, (1936 


& ¢.f. Bragg and Williams, Pro. Roy. Soc. A.145 p 699 (1934) 
151 p 540 (1938) 
Bethe, H., Pro. Boy. Soc. A 150 p 552 (1935) 
Williams,E.J., Pro. Roy. Soc. A 152 p 231 (1935) 
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The transition with which we are concerned in this thesis 
involves an anomaly in the dielectric behavior, which can 
be considered as anti-ferroelectric at low temperatures. 
This is probably due to a special case of class 4. 

Pauling’ was the first to put forward the idea that the 
phenomenon of a critical temperature and a specific heat anom- 
aly in certain solids could be associated with the rather 
sudden onset of free rotations of molecular groups within the 
crystal lattice. He conceived of the transition as one from 
libration motions to almost free rotations. Frenkel°et al 


described the transition as rotational melting. Pauling was 


able to predict qualitatively the correct temperature depend- 
ence of the dielectric constant of HC1 on the basis of this 
theory. It was found that with solidification the dielectric 
constant continued to increase with decreasing temperature 
just as it had in the liquid state,until the critical temp- 
erature was reached. At this point the dielectric constant 
dropped sharply from 17.3 to about 4, and continued to de- 
crease further, over a considerable range of temperature (fig ¥3). 
At the same time the specific heat exhibited a characteris- 


tic }\-type anomaly. At temperatures well below the critical 


“Pauling, Phys. Rev., 36, p. 430, 1930. 


PF enkel, et al, Acto Physico-Chem, USSR, 1, p. 97, 
1934. 
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point, the dielectric behaviour was similar to that of a 
non-polar material. Pauling therefore supposed that at low 
temperatures the HCl molecules were fixed in orientation, 
while at high temperatures they were free to rotate. How- 
ever, there are serious objections to the idea of "free 
rotation}! because the orientation of the HCl dipoles must 
be quantized in the strong electric field of the crystal, 
and because, if free rotation occured, the high temperature 
specific heat should be considerably greater than it is. It 
is preferable to think of "rotation" here as meaning freedom 
to change orientation under the influence either of thermal 
vibrations, or of an external electric field. 

Vasileff* investigated the specific heats of several 
saits of Transition metals and found A-points for the 
following hydrates (the critical temperatures being in- 


dicated for each); 


11) Co(NOz }o - 6o 152°A 
(2) Ni (No, )o - 6HlO 149° 
(3) Cr(NOz )z - 9Ho@ 158° 
(4) Cro(S04)z - 18Hp0 195° 


Angrydrous chromic sulfate did not exhibit a specific heat 


anomaly. 


*Vasilerf, The Specific Heats of Solids at Wow Temperatures, 
unpublished thesis, University of Toronto, 1950. 


Vesileff and Groyson- Smith | Gn. J. Res. AZB gp 367, 1950 
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Johnson and Grayson-Smi th” investigated the paramagnetic 
susceptibilities of these compounds down to 65°A, but no 
anomalies were observed. Grayson-Smith and Sturrock® in- 
vestigated the dielectric constants down to liquid air temp- 
erature and found no anomalies in the nitrates; however, an 
anomaly was observed in the hydrated chromic sulfate which 
was not present in the anhydrous salt. The present problem 
is the investigation of this transition in the hope of 


obtaining a better understanding of the mechanism. 


© Johnson and Grayson-Smith, Can. J. Res., A2gkeo, 1950 


6Grayson-Smith and Sturrock, Can. J. Phys., 30, p.26, 
1950 
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11 THEORY 


It is well known that the total polarization of a sub- 
stance may in general be separated into three parts; electron- 
ic, ionic, and orientational. The electronic polarization is 
caused by the displacement by an applied field of the electrons 
relative to the nuclei. The ionic polarization is caused by 
the displacement by an applied field of the ions with respect 
to each other. The orientational polarization arises when the 
substance contains or is built of molecules possessing a per- 
ment electric dipole moment, these molecular dipoles being 
more or less free to align themselves with the applied field. 
It is possible by using time-dependent fields to separate and 
determine experimentally these three different contributions 
to the total polarization. The usual situation is that the 
ionic and orientational contributions are not both large in 
the same substance. In ordinary ionic crystals there is no 
orientational polarization. In dipolar organic molecules it 
has been estimated’ that the average ionic polarizibility is 
approximately 16 % of the electronic polarizability per 
molecule. 

It can be shown® that the dielectric constants of a 
substance in which all charges are elastically bound cannot 
be temperature-dependent. Since the electrons can be con- 
sidered as harmonically bound to the nucleus this is true for 


the contribution to the dielectric constant from the electron- 


Tsugden, J. A., Trans. Far. Soc., 30, p. 734, 1934 


8rr8hlich, Theory of Dielectrics, Oxford, 1950. 
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ic polarization. Similarly, the contribution of the ionic 
polarization (neglecting the effect of lattice expansion 
with increasing temperature in condensed pheses) cannot be 
temperature-dependent. However, a substance consisting of 
permanent dipoles will have a temperature dependent dielect=: 


10 who origin- 


ric constant.? This was first shown by Debye 
ally discussed the problem of orientational polarization. 

He showed that by assuming that the molecules could have perm- 
anent electric dipole moments it was possible to explain 

the high dielectric constants of water, alcohol, and other 
liquids, and the temperature dependence of those dielectric 
constants. Debye considered the effect of thermal motion on 
molecular dipoles which were free to take any orientation in 


an applied field E and gave for the orientational polariz- 


ability per molecule the expression 


2 > 
at rovidin EB<c<eerT . 
pcimecitee: ye <a (1) 


Here 4 is the molecular dipole moment, k the Boltzmann constant, 
and TI the absolute temperature. Then the total polarizability 


per molecule is 


2 
= = + aW ° 
K = Ky +X, Kd += (2) 
uj is the sum of the electronie and ionic polarizabilities and 
is called the deformation polarizability. (2) is known as the 


Langevin-Debye equation. 


9 Pr§hlich,H., Theory of Dielectrics, Oxford 1950 
‘Debye, P. , Polar Molecules, Chem.Cat.Co. N.Y. 1929 
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In comparing with theory the dielectric constants of 
condensed phases the local field has to be taken into account, 
that is, the contribution to the field acting on a perticular 
molecule due to the polarization of the surrounding medium. 
The classical Lorentz expression for the local field in an 
isotropic medium is 


Eon ttP |. (3) 
3 


When this is combined with the defining relations for the 


Gielectric constant and tkeepolarization 
Es-1 _ PE apurp t= ENS, wiere N, is the number of 
AT E 

dipoles per unit volume,it leads to the Lorenz-Lorentz 


formula 
€s- 1 att 
Gite. 7 Mom (4) 


It is often convient to replace €, by n&, where n is the 


optical refractive index, extrapolated to low frequencies. 


We then have the familiar Clausius-Mosotti equation 


z 
nenl . 4fye (4a) 
n<+2 cS 


Equation (4) is satisfactory for non-polar medie. However, 
if it is combined with equation (2) for polar media, it can 


be reduced to the form (neglecting od, which is tempereture- 


independant) 
_,. 40New~ < 47 Nop ~ 
Srila rem ey te tha i 


This predicts the so-called "4ffcatastrophe," that is, a 
3 


critical temperature at which E, should have a pole. 
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According to Kittel! it cannot be concluded.that the dielectric 
constant would actuelly become infinite at T=T,; rather, sat- 
uration effects should occur and the substance should become 
spontaneously polarized (ferroelectric). Actually ferroelectric 
behaviour occurs in no known dipolar substence. For water 
To+1200°AK in contradiction to the fact that neither water nor 
ice is ferroelectric. 

Onsagerl2 pointed out that the use of the Lorentz local 
field is the source of the error. According to Kirkwooal4 
the principal cause of departure from the Lorentz field in 
polar condensed phases is the hindering effect which each 
molecule exerts on the rotation of neighboring molecules. 
Debyel4 wes £epet the first to perceive this but was unable 
to produce a satisfactory thebry. The hindering forces are 
of two kinds: 


(1) relatively long range electrostatic dipole-dipole 
interactions 


(2) relatively short range inter molecular forces such 
Vander Waals forces, exchange repulsive forces, 
and chemical bonds. 


llkittel,C, Introduction to Solid State Physics, p. 103, 
Wiley, New York, 1953 


120nsager,L, J. Am. Chem. Soc., 58, p.1486, 1936 
l3Kirkwood, J.G., Trans. Far., Soc., 42A,p 7, 1946 
14Debye, P, Phys. Zs., 36, pl00, 193, 1935. 


ott cola ka ad? taut .babuloaco ad somuso dr **L 7 Pra oF 
=ts& ,teiltet gol? te adie ttt omooed 
saooed Diuode eonstadve out bus +4990 vivo 
oittioafsortst vEfsutoa : (okstoefeotze’) dextrstog 
todGw Tol .e%atadus talogib mworrk om mt a7s909 aw 

ton redaw <sitiem tend Soa? ony of sobiotbarimoo at ROM 
wokrtos k 

LsodS aas-c0ud 9xt to sey edd tant tivo Botatog - | 

ae “soowate ba ot gathtoooA torts est to —s | 


7 

- oe. 
7 
te 


ae 


« 


nt bait stistod auld mot? etuttageb to sesso | 
fioss Hofrly toe tie gititeba ts oi si seesidg 
sao Grosfom aaitodig ton to aolttetort sa mo aire 9 , 
siden aaw sid a bde eieen of tatit sat dawdd ©. 


» Vass 


on asorot antrobeaid etl .yzdeds ysod osteltea. = a 


ae . 


»~ = 
> Faun 


efogih-aloy kh sit ateoasnts sBast gaol sob beased E; ) 
fora asont tafiscelom teint spynet ea eG 
240797 ovielvyet sanerdoxe 25 9T0? aS a 
aOL ,BAL.7 ,8F 4.508 ie 80 ae oe 


BOCL .T TAR ..008 rat ane = oows ? 
Geer rSOL OOlg Ff ees, ak ye 


a: 


<- 4 iene a 


-\0- 


The contribution to the local field from material inside the 
Lorentz cavity can be shown to vanish in a cubic crystal with- 
out lattice vibrations or dipoles. However, in genrral it does 
not vanish. In the neighborhood of a polar molecule of fixed 
orientation deviations from the macroscopic polarization which 
are neglected in the Lorentz theory can be the dominant factor 
in the determination of the local field. 

The first successful theory which took into account the 
interactions of permanent dipoles was that of Onsagerl5, He 
shrank the Lorentz cavity to the surface of a polar molecule 
(assumed to be spherical) of fixed orientation. The cavity must 
then be treated as a real cavity of low dielectric constant, 
rather than as a region possessing the macroscopic polarization. 
The molecule was treated as a sphere of dielectric constant@,=a"~ 
imbedded in a structureless continuum of uniform dielectric con- 
stant €; equal to that of the bulk substance. Using only electro- 


static calculations Onsager arrived at the equation (his (26)) 


Ssh feor Ci Gaahean. an ie (6) 


Mis the dipole moment of a molecule in an infinite specimen of 
the bulk substance, not the moment in vacuo. This theory takes 
into account the long range interaction, but not the short range 
hindering interaction, and as a consequence the results are in 
considerable error when near neighbor interactions are strong. 
Equation (6) reduces to a Clausius-Mosotti relation for@,as a 


16 
first approximation when = O and €&= 


1l5onsager, loc. cit. 
16 ok io 
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Kirkwood!? went one step further and took into account 
the short range interactions as well. He discussed the inter- 
action of a sphere of macroscopic Bimensions in vacuum with 
an applied field. It is essentially a statistical mechanical 
treatment and the theory is quite general and not basec ona 
specific model as in Onsagers. Leta be the dipole moment of 
a molecule (in an infinite medium), and (aps be the average 
value of the induced moment in a sphere due to a dipole at 


the centre. Then Kirkwood's final equation reads 


xl = ( (74) (25) | 3kT Ae + da) (7) 


However, Kirkwood treated the polarization induced by deform- 
ation of the molecules in an approximate manner. This approx- 
imation is not adequatel® ona his formula fails to reduce to 
the Clausius-Mosotti when M is set equal to gero. Kirkwood 
presents methods for the calculation of She when # and 


the structure of the material are known. (See Appendix) 


FreHlichl? modified Kirkwoods treatment by assuming 
the dielectric to be a continuous medium of dielectric 
constent€s=n* in which are embedded dipoles not polerizable 


by an external field. He then considered the interaction be- 


L® Kirkwood, J. G., J. Chem. Phys., 7, p. 911, 1939 
18 Horris and Alder, J. Chem. Phys., 21, p. 1631, 1948 
19 Préblichydloc cit. 
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tween the field on a macroscopic sphere cut from an infinite 


sample of this dielectric. The final expression is 


(2) SE AA Sea, 
Esl = (FM) ( gece) (tH). 8) 


However MH), cannot be evaluated rigcrously. 

Recently Harris and Alder®Oneve refined Kirkwoods 
treatment still further. They consider a macroscopic 
spherical specimen surrounded by vacuum in an applied field. 
Contributions to the polarization erising from orientation 
and deformation ere rigorously separated and evaluated 
subject to no seriously restrictive approximations. The 
treatment is statistical. mechanical and quite general. 
They give the ashi. 

Esl = (PY 8) (Le) + (coral). (9) 

Es¢/]\ JkT Ceo +Z 

Because this treatment allows s precise evaluation of the 
deformation polarizetion in contrast to Kirkwoods ea) proxi- 
mate treatment, it does reduce to the Clausius-Mosotti. 
When yis set equal to zero. They also discuss methods by 
which w(4), may be evaluated. It is usval to set mMy,= gus 
g being known as the correlation parameter. can be 
celculated sir al the molecular dipole moment in vacuum, 
and g can be calculated from the structure. Thus it is 
possible to calculate €; as a function of temperature provid- 
ing €& = n© is known. Harris and Alder have done this for sev- 
eral substances and their results agree well with experimental 


measurements for polar media. 


“OHarris and Alder, lLce cit. 
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All of the preceding theories, with the exception of 
Debye's, are actually quite similar in their final equations. 
None of them predicts the occurence of a criticat point, the 
dielectric constant increasing monotonically with decreasing 
temperature. They were derived primarily for polar liquids, and 
the above behavior is observed in polar liquids. In solids, 
however, a complication arises which none of these theeries 
take into consideration; namely, the potential energy of a polar 
molecule in a crystalline solid depends upon the direction of 
its dipole relative to the crystal axes. In liquids, although 
dipoles of neighboring molecules tend to orient themselves in 
definte directions relative to eech other, the average energy of 
a single dipole is the same in all directions because there is 
no prefefential direction in a liquid. 

The average potential energy of a molecular dipole ina 
solid can be described as the interaction between the dipole and 
the crystalline field. The crystalline field actually is nothing 
but the interactions between all of the molecules in the crystal 
and therefore is temperature dependent. Usually there are sev- 
eral equilibrium directions relative to the crystal axes for 
which the average energy of a molecule has a relative minimun. 
The potential barrier between these equilibrium directions is 
generally very high and in most materials prevents free rot- 
ation of the molecules even at temperatures near the melting 


point. 
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As mentioned in the introduction, Fauling introduced the 
hypothesis that in certain materials: the moteediae should 
be able to rotate freely above a certain critical temperature, 
in order to explain the sudden change in the valve of the 
Gielectric constant and the \-type specific heat anomaly. 
At the present time it is no longer held that the molecules 
are actually able to rotate, but rather that they become free 
to assume different orientations. Thus the transition which 
occurs, as evidenced by the 6, vs T curve, is considered as 
leading from an “pis Steere of dipoles to a disordered 
one. Paulings treatment of "libration-rotation" transitions, 
as quoted by Fowler, applies in principle to any type of mol- 
ecular group which can become free to rotate, whether polar 
or not. Kirkwood“ has attempted a theory of these transitions, 
specifically for the case of polar molecules, in which the high 
ttemperature state is one of disordered orientation, rather 
that free rotation. However, neither of these theories is 
satisfactory. Kirkwood's, for example, predicts Curie points 
and ferroelectric behavior at low temperatures for materials 
in which this phenomenon does not occur. Takagi<< has removed 
this last objection, at least for the Cx1 type of crystal 


stricture, and has shown that the low temperature state may 


WT, 
“l Kirkwood, J.G., J. Chem. Phys. 21, p 1031 (1989) 
22 Takagi, Ye, Phys. Rev. 85, p 315 (1952) 


sit Sa oubotiat gniiset eto it oubort ak stl mt 8 
bivoda eaiyoalom ask adedteo tees atetiteo sf icaan 

stuteteqies Ss0lities akedzen 9 evods yloottedasor | ie c 
ait Yo ontsy oo at sansdo nebbys eat aislgxa eal " yak 
-giamons taed oftioega eugt-K ent bas —— 
ealsoetom ett tart bled weganol on a Si omit ta | 
9ert omoo0d ystit tars wedbar tud eatetor. of elda 
dobiw coidtemert eft anil .acoitaiye ize sexo 726 om 
an heiebtenos at ,sviso T ay g8 asl? ¥d ba onobive 7 

bs cabapath a ot aefogtd to tnswognstadtebto os moet - gat 
aiott Land "soitetor=enofteid it” to tnembsett agat ute act 
-[om to oqyt ye o¢ sigiontxq at eetfqgs yretwot, wd | 
nefog toiitetw ,etedor! of esx stooed ReaD Nokes ¢ ay 1.3L) 
entiott fanstit sa9dt ‘to yrosdt s betgqmetds sad Pent ot 


ia tf ej ob ree ai ,weluvelom ns fog To, egan. edt TORN RE. 


=F 
Totiat ,nokisinae tro beasbrosib to oo ei atete 91 te E94 


at avitoodt seest to sont ion, vtevowoll nokta pir 
atatog aityo alotberg .slamexs tot 2 "boowsbe bt 


Soy 


ainivetsa <ot estytateqmed wol te stokvosisd: iad onike 
bevomer aati SS necked »tuo00 tom aeob. nomenomesd, a ies 
prea 

feteyto to engt £989 oft tot tases te eA iF 99 


a a 
Youu otste suuntane gad wol adt Sect wore and 
7 * ar am : 
ot | 
ru av: < rs a 
ae 


7 
ow. : - 71 


(e@ex) fe0L 4 as soutt sald 


2 


The 


be ferroelectric or antiferroelectric, but he uses the Lorentz 
expression for the local field, so his treatment cannot be 
expected to give the correct temperature-dependence, Actually, 
no existing theory of order-disorcer transitions has given 
good agreement with experiment in the temperature depend- 

ance of either the specific heat or the dielectric constant, 
when the latter is involved, 

Even though the present status of the theory of 
order-disorder transitions is not entirely satisfactory, it 
is possible to apply the theory to the case at hand in a 
general manner so as to attain at least qualitative 
agreement with the @mperical behaviour of these substances. 

A temperature-dependent long range order parameter s is 
introduced such that T= 0, s=l, md T=T,.,8s 0. As T in- 

creases from T-0, s decreases very slowly at first and then 

more rapidly as T nears Te, finally dropping very rapidly to 

zero as T reaches Tg, Consider, for example, a simple case 

in which the dipoles can be either parallel or antiparallel 

only. Suppose further, that at T=0 the ordered state is that 

in which they are antiparallel. Then if w be the probability 

of finding a dipole in the wrong direction, we can define S=/-2e- 


since w=0 at T=0, and w=} for T2Te. For T2T, the dipoles 
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are relatively free to align themselves with the applied 
field, and thus we should expect the dielectric properties 

of this hypothetical solid to be similar to those of a 
polar liquid. For T<<TI, the dipoles are frozen in an ordered 
state which is such that they can make no dipolar contribut- 

ion to the dielectric constant, and we should now expect the 
dielectric properties of the solid to be similar to those of 
a non-polar substance. It is possible to modify Harris and 
Alder's equation for the dielectric constant so that it will 
predict this behavior. We introduce a function of s such 
that f(s)=1 for T2T, and f(s)=0 for T=0. ‘The first 

term on the right hand side of(9) is to be multiflied by this 
function. For example f(s) might be(1-s),or some power there- 
of. Assume that the average energy € required to reverse a 
molecular dipole from the antiparallel to the parallel or- 
ientation is proportional to the excess of antiparallel dipoles 
over parallel dipoles in the surrounding medium, Then 

E = 6.5 ; (10) 

and it can be shown that the temperature dependence of s is 


iven »b 
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This predicts that s will become equal to zero at a critical 


temperature T,= - There is a discontinuity in the specific 
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heat, that is, a second-order transition, but the theotetical 
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transition covers too wide a temperature range, and the 
observéd maximum specific heat is generally much larger 
than that calculated. 


Equation (9) can now be written in the form 


ot =i Giles zen)t eae ates oi es =) ae 


This equation will be used later to analyze the experimental 


results for chromic sulfate. 


Figure #4 shows schematically the form to be expected 
for €,vs T if equation (11) is correct, Figure #5 shows the 


actual behavior for Hos. 
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111 Experimental Method and Results 


This investigation consisted essentially of measuring 
the capacitance and the temperature of a condenser while the 
latter was being either cooled fown to or warmed up from the 
temperature of liquid nitrogen. The apparent dielectric cons- 
tant of the material under investigation is then given at any 
temperature by the ratio of the capacitance of the condenser 
when filled with that material at that temperature to the cap- 
acitance when empty (i.e. when filled with air only). Thus, if 
Cy be the capacitance when empty and C(T) be that when filled 
with the substance under investigation (considered as a func- 
tion of temperature) then e(T), the apparent dielectric cons- 
tant, is given as a function of temperature by e(t)= ota A 
A The Condenser : 

The condenser used is shown in figure #6. It consisted 
of two coaxial brass cylinders, one of which overlapped the 
other, and two polystyrene plugs to hold the cylinders in pos- 
ition. The bottom plug was threaded and both of the cylinders 
screwed over it. The top plug merely fitted into both cylinders 
and served as a spacer, the necessary rigidity being provided 
by the threaded plug. This method of mounting the coaxial cyl- 
inders enabled the condenser to be completely dismantled and 
easily cleaned when preparing for another sample. Both poly- 
styrene plugs were bored to permit access for the leads to the 
inner cylinder and facilitate convection of air. The leads 


were attached to the cylinders with brass pressure clips. 
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The dimensions of the condenser are: 
outer cylinder 
inside Gi 2 GLE. ign 6 ore els alecciette cates Oe TOOL OCe cm. 
length Ole 6101 0161001616 é1e' eee cleats elelels eterccpoeoLe® " 
inner cylinder 
BUSHLEGE Gigmeter..cccscccccccesieebe4lO 3 
length 0.0160 8 6.8 6.0.0 018.0. 6 «9 8:8 6.6 010.6 64.6 ROS OO Ls 
volume Sere el lela ee 6 6) 96 66 6.66 6 8 0194 6 8 0 eee eretloeOD em? + 2.58% 
capacitance CUP TY ce rvereccecececeeeeees 75.65 wit 
All materials investigated were powdered with a morter 
and pestle, and screened through a fine sieve with a mean 
mesh spacing of 0.42 mm. To fecilitate the filling of the 
annular space between the cylinders with the powder a spec- 
ial polystyrene plug was made which was fitted into the inner 
cylinder. The powder was placed in the spece between this plug 
and the inner well of the outer cylinder with a spatula and 
brushed down into the annulus with a small camel hair brush. 
The powder was packed tightly into the annulus by tapping 
sharply the outer cylinder. By this method packing frections 
between 0.4 and 0.5 could be obtained without the use of mech- 
anical compression. It was hoped that by reducing the material 
to the form of a fine powder the number of particles could be 
increased to such an extent as to render the effect of particle 
shape upon the capacitance negligible. Kamiyoshi-has invest- 


igated the effect of particle shape theoretically and concluded 


that if the dimensions of the particles are small compared with 


23 xamiyoshi, K., Sci. Rep.Res.Inst. Tohoku Univ. A 2 p 180 
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those of the cell into which they are packed, their axes will 
be distributed at random and they can be treated as essentially 
spherical. 

B Temperature Control 

The assembled condenser, filled with the material under 
investigation, was placed in a cylindrical brass chamber. The 
outer cylinder of the condenser was in good thermal contact 
with the wall of this chamber vie three brass contacts approx- 
imately equispaced ayround its circumference and two thirds 
of its length from the top. Three small polystyrene disks were 
glued on the bottom plug of the condenser and elevated it 
slightly from the floor of the containing chamber in order 
to decrease the temperature gradient elong the length of the 
condenser. 

The cover assembly for the chamber consisted of a brass 
lid with a half inch hole bored concentrically through it in 
which wes soldered one end of a long half inch brass tube. 
The leads from the condenser were brought up through this 
brass tube to a fusite socket. The lid was soldered onto the 
chamber with Wood's metal. 

A one,quart pyrex Dewar flask approximately twelve inches 
deep and two and three quarter inches internal diameter was 
fitted with a bress cover through which were bored three holes. 
The central hole was fitted with a brass bushing and the bush- 


ing with a set screwe The brass tube, supporting the condenser 
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in its container, passed through this hole and could be fast- 
ened with the set screw so that the condenser was at any des- 
ired depth in, or height ebove, the liquid nitrogen in the 
Dewar flask. Thus the rate of cooling, or of warming, could 


be controlled by raising or lowering the condenser assembly. 


C Temperature Measurement 


Copper-constantan thermocouples were used to measure the 
temperatures of the inner and outer cylinders. The junctions 
were held against the cylinder walls with brass pressure clips. 
The reference junctions were soldered to small brass plates 
which were placed in crushed ice. It was found necessary to 
have separete ice baths for the two reference junctions as there 
was considerable innic conduction,due to the impurities in the 
ice, which interfered with the capacitance measurements when 
they were both in the same bath. 

The emf. readings were made with a Leeds and Northrup 
Type Kl potentiometer using a table galvanometer as null det- 
ector. Readings to 0.1 millivolt were quickly and easily 
obtained. 

The thermocouples were calibrated at the ice point and 
at the boiling point of 99.6% pure liquid oxygen. The differ- 
ence in emf between the measured values and those given in 
the Handbook of Physics and Chemistry, 324 Edition, at any 
given temperature was assumed to be a linear function of the 


temperature; i.e. A= at bt, where t is in degrees centigrade. 
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Since the reference junctions are at the ice point a is 
obviously zero, and b turned out to be 0.028. A table was 
then constructed to convert emf readings to temperature. 
Second differences were taken into account in constructing 
the table but in using it linear interpolation was sufficient 


in view of the accuracy obtainable in the emf readings. 


D Capacitance Measurements 


All cepacitance measurements were made with a modified 
form of Wien bridge at a frequency of five kilocycles, The 
circuit diagram is shown in figere #8. The oscillator used 
was a Hewlett-Packard model 200B. The detector consisted of 
a low pass filter with a cut off frequency of 7 Kce., a two 
stage pre-amplifier, and a Dumont Type 168 oscilloscope,with 
two stages of internal amplification, as a null indicator, 

The basic Wien bridge circuit was a General Radio Type 650A 
Impedance Bridge. A General Kadio Precision Variable Condenser 
Type 722-D was placed across the unknown arm of the bridge. 
This condenser is variable from ype to ee ae and can easily 
be read to A oR 

The Precision condenser Cy, was set to mre RAG Le and the 
bridge roughly balanced with the C and D arms. A fine balance 
was then made using C, and the D arm. These values of Cy and D 
were recorded. The capacitance which was to be measured was 
then placed in parallel with 6,, and 6), and D were afljusted 


until the bridge was again balanced. Cy, the unknown capacitance, 


at 2 tntoy eot of ta ots ae 

asw efdat A .6S0,0 od of Ho Seni fz 

tus orequst ot agaibset Ime Sto wi09" ae 

guitorntanco ak tmosos ofmk mealst emew esc mneene (098 
ey 


tnetoitivue sav moisalLoqrosms taemil 32 gitfen ak tod etd die >. 
sagiibset tas edt at oldentstdo. yostuopa oadt to w ty 


nettibom  Atiw obiut stow atcomtyesem eonsd tosqsd LOA a 

onl. ,acLoyoolLbt evit te yoneupett s 38 ouh bud a9 tv to ” z 

been toosfiiono of? .8% stegit at mwode ef marasis” | otis 

to betalanoo tod osto8 ed? ,€@00S febom biateat-ttetnet Aly 

owt 5 -« 62 T to yYomempett tto tuo s ni tw tot lit aacg w 

Utiw eqoosolfteso Saf eq? snomit F bus yt LTE Tgme~oTg 9 
stotsothat (Lut s as okt s6LTE Lge Lamtetat to senate ¢ e) 

A0@8 sqrt otball Iatemed ss eew tinozio aghind m9 BW - pa 
toansbaod eldsiteV peteredetn otbst Ieteadd A igh hee’ ° . bege 
ogbind ocd to mis mvoming odt sgotpe Seosiq aaw CSch ag 
vitane ane Bia TyyOOLE oF WAGs mott efdattey ei xe — aid 
Pa 

esti Basa Tao ,000L of t5e enw 4D teanebnoo mote tog 
adttaled emit A .earte C baa 2 ost Be deonatad y | 

» & bas ue to woman one sre C orit bate n® antes obaa 
sow Sotugsem sd ot eaw doldy (ObHal iSteco onl sab re) 
“boteuths oxsy @ bra ,8 bas iB te fatten “a be 
gonad Loages mwormtag silt ..9 -boonsied ategs @ 
PT ae . pa ee ie 


Unknown, 


x 


Re 


as \ Precision 
Variable 


Cc \ 
; Condenser 


fig "5 [he Lridge Circurle 


Pe tp Wid s 
EY: fca 


Audio- Is. 


Patentiomelar 


, ao, Schematic Llock dagrarn oa 
the assehibh/ead appdral: US — 


Ca 


PYCUS (On 
varieb/e 
Condenstt 


Two Stage 
Pre-Arqp. 


O) 


Oscil/os: cope 
PL) Iwo S7age 
Lhlarra/ Amp. 


=-L3< 


was then given by the difference iff the settings of C,, and 
if desired Ros the equivalent series resistance of the con- 
denser, could be calculated from the values of Cor Crs Wy 


and the difference in the D settings. 


E Materials Investigated 


Violet chromic sulfate hydrate was obtained from British 
Drug Houses (Canada) Ltd. The specifications given on the label 
weres | 

Chromic Sulfate (normal), Cro(S0,)z 18Hp0, mol. wt. 716.48 
Maximum limits of impurities: 
Oiler Ce eves cases bia seeeeesere 000057 
TYLON ceccccccscccecccccserescese OLOl 
AlKalis cacceccccccesccccecesecs Oed 
From this hydrate lower hydrates were prepared by heating in 
a thermostated oven. 

The water of hydration in the various hydrates was det- 
ermined indirectly by gravimetric analysis. The original hy- 
drate was analysed for both sulfete and chromium, The usual 
procedure for e sulfate determination was followed, except 
that after suitable adjustment of the pH to avoid coprecipi- 
tation of the chromium as hydroxide the precipitation of the 
bari gum sulfate was made from a cold solution rather than boil- 
ing hot. This was necessary because of the equilibrium which 


is established in a solution of chromic sulfate between the 


forms (Crp(H20)12) (S04)s ’ (Crp(Ho0)49(804)) (Sg) ; 
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(Cx2(H20) g(804) 9) (S0q) » and (Crp(H20)¢(S04)3). ie ae iincs 
salts have one third, two thirds, and all of their sulfate mask- 
precipitable 

ed, that is not precipitetebie, respectively. High temperetures 
and high concentrations favor the formation of the latter three 
compounds over the first. This analysis gave a result of 43.18% 
sulfate corresponding to a hydration state of 15.57 HoQe The 
chromium was determined gravimetrically as chromate (Cro0z) 
after heating the sample with a blast lamp sufficiently to drive 
off all the Ho9 and SO, This procedure gave a result of 24.03% 
chromate corresponding to ea hydration state of 14.87 Ho0. 
However, this procedure involved strong heating of the chromate 
and because of the formation of small amounts of Cro(Cro,). 
when chromate is heated strongly, it is beleived that this 
result is a bit low, that is the % chromate is a bit high. 
On the lower hydrates only chromate determinations were made. 

It wes possible to obtain only ag lower hydrates: a light 
violet hydrate which showed a hydration state of 14.47 H,0, 
and a green hydrate which showed a hydration state of 6.27 HQ0. 
When the light violet hydrate was allowed to stand in satur- 
ated water vapor for 24 hours it became dark violet, and after 
drying in a desicator for 8 hours showed a hydration state 
of 16,3 Ho0. 

Specific gravity determinations were made on all the 
above hydrates by mixing with CCl, in a specific gravity 


bottle designed for the use of a volatile liquid, The results 
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Original dark violet hydrate ..cccsccsccocce 1¢87 
light purple hydrate @eoeeeeoseeerereeceses eens 1.79 
prepared dark violet hydrate ..ccccccscccce 1079 
green hydtate wae 0 ee OC 0 8) 6 0 € 08 6 CO 8 6 0 6 O48 © 0 6 0 6 2.07 
Hereafter the dark violet hydrates will be referred to 


as Crp(S0,)., 16 H,0, the light violet hydrate as Cro(S0,) 15H50, 


3 


and the green hydrate as Cro(SO, ) 6H,6. 


3 
The aluminum sulfate used was Baker's reagent grade 


Al, (S04). 18H50. No analysis was carried out. 


The reduced data are shown in the following tables. 
e is the measured apparent dielectric constant of the powder. 
Where it has been possible to derive wiup,tts) by means of 
equation (12) this is included in the table. D is the dis- 
sipation factor RC, where C is the sum of C, and C,,, and 
Rnis the equivalent series resistance of the cell and the 
standard condenser in parallel. Since the apparent resistance 
due to dielectric absorption and ionic conduction is in par- 
allel with the standard condenser, D increases when Re decreases. 


Electrostatic c.g.s. units are used throughout. 
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2.401 
2.407 
2.407 
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2.412 
2.419 
2.424 
2.430 
2.435 
2, 445 
2.456 
2.462 
2.467 
2.470 
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2.492 
2.507 
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2. 540 
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Cr2(S0,,)4 15H20 
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11.0 
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14,5 
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Cr,(S0,)4 15H,0 


TOA e WMaepse D-/o mon © ub fio’ D+10™ 
184 2.817 104 5.6 215 2,832 125 5.6 
185 2.824 106 5.6 219 2,830 127 5.6 
186 2,830 107 5,6 220 2.810 122 5.6 
187 2.837 110 4.6 221 2.805 121 5.6 
187 2.839 110 5.6 222 2.815 125 5.6 
188 2.836 110 5.6 225 2.813 126 5.6 
189 2.839 111 5.6 228° 2,811. 127° “5.6 
190 2.836 111 5.6 228 2.815 128 5.6 
197i 2.837, 112. 5.6 230 21818 129 5.6 
193 2.839 114 5.6 232 2.617" “13l . 15.6 
195 2.839 115 5.6 253) 2.822- 132) » 5.6 
198 2.839 116 5.6 234 2.822 133 5.6 
201 2.845 120 5.6 235 2.822 134 5.6 
201 2.843 119 5.6 238. “2.828; 137 5:6 
202 2.843 120 5.6 239 2.833 139 5.6 
203 2,041 120 5.6 242 2,845 We 5.7 
206 2.837 121 5.6 243 2.852 147 5.7 
207 2.837 121 5.6 245 2,866 152 57 
209 2.832 122 5.6 246 2,872 154 527 
210 «2,832 122° 5.6 247 2.876.156 5.7 
211 2,828 122° 5.6 248 2.881 158 567 


213. 2.834 124 56 249 2.885 160 5.8 
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Table #2 


Cro(S0,,)4 16H,0 


TA 6 ayy fal 8" Dio™ 
8% 2.172 3010 0.46 
87 2.172 3.21 4.0.46 
90 2.172 3.32 0.46 
o%e 2.172 3035 0.46 
94 2.171 3.25 0.46 
97 2.171 3.36 0.46 
99 2.168 2.98 0.46 
BQ 0 2.1.72 4.10 00. 46 
116 0«=—- 4. 185 6.69 0.46 
120 462.197 9039 0.46 


127 2-202 ne 0.46 


134 2.209 L353 0.46 


$396 «2.211 14,0 0.46 
1420-2. 216 15-7 0.46 
157-2. 246 24.8 0.46 


164 2.264 30.8 0.46 
166 2.284 36.8 0.47 
171 2.299 42,2 0.47 
174 =. 2.319 48,4 0.47 
178 2. 344 576 0.47 
183 2.393 7301 0.47 
184 2.399 aoe 0.47 


Toa 
186 
139 


191 


218 


e 
2.425 
2.454 
2.473 
2.474 
2.47l4 
2.469 
2.467 
2.470 
2.474 
2.484 
2,484 
2.4486 
2.488 
2.492 
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9309 
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0.47 
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0.48 
0.48 
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Cr2(soy), 16H,0 


e wats Dior ark © ylufej1e? D o~ 
2,607 162 0.70 241 3.572 530 1.84 
2.620 168 Q, 71 241 3.644 555 1.91 
Pe6305) 171. . 0572 242 3.810 616 204 
2.682 190 0.75 244 3.970 678 2.20 
2.689 194 0.76 245 4.050 709 2.26 
2.720 205 0.79 245 4.120 734 2.32 
2.784 230 0.87 246 4,185 759 2632 
2, 868 262 0.96 246 4.190 762 2537 
2.914 279 1.01 248 4.344 823 2.39 
2.954 29% 1.07 249 4.492 879 2.52 
3.953 334 1.19 251 4.740 975 2.64, 
2.073 342 £1.27 252 4,867 1020 2.86 
3.114 358 £1.31 253 5.02% 1090 3,00 
3.181 382 1.40 esi, 1 5.2817 -1160, |, 9217 
3.254 409 1.49 256 5,511 1270 — 3.38 
30363 450 1.61 257 5.715 1350 3770 
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Table #3 


Cr2(S0),)4 16H,0 * 


TA e Dio TA Dio TA 
88 2.191 5.4 147 -2.231 506 187 
89 2.198 5.4 150 2.240 5.6 189 
90 2-193 5.4 152 2.252 5.6 190 
91 2193 525 156 4° 2.253 9856 191 
91 2.189 5.5 159 2.268 5.6 192 
92 2.185 565 16) 2.272 536 193 
94 2.180 5.5 164 2,291 5.6 194 
95 2.180 5.5 166 2.310 5.6 195 
101 2.189 5.5 167 -2.3920 5.6 196 
207 «2.192 4565 169 2,310 5.6 197 
107 2.196 §.5 17t 253920 546 199 
114 2.199 50 6 179 26331 09-450 6 200 
118 2.203 5.6 175 2.350 507 202 
123. «2.207 60536 LZ fe Be 362+ He? 203 
i277 oe 2eele * 556 178) 2.375) Se% 205 
ist a 2.212 5.6 180 2.384 5.7 206 
135 23.214 5.6 181 2.404 5.7 208 
137 21223 5.6 182 2.415 5.7 209 
141 2.229 «506 183 2.427 5.7 210 
143 2.229 506 185 2.449 5.7 211 
145 2.230 5.6 186 2.456 5.7 212 


* Second sample (direct from bottle) 
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Table #4 
Cro(S0,,) 640 

pA e seyfo10" Do TOA e big" 
88 2.139 8.16 5,0 189 2,310 50.2 
91 2.120 6.64 5.0 190 2.318 52.1 
93)° 22110 507% 5.0 192 26323 5307 
94 2.111 5096 58 0 195 2,334 56.6 
95 2,107 5.62 5.0 196 2.351 60.3 
99 24110 6.13 5.0 197 2.351 60.6 
763) 2.111 6.52 50 201 2.360 63.5 
fis eee Lee 8.43 5.0 204 2.372 66.9 
119 2.159 «8613.5 520 206 2.390 71.4 
138 =. 221 85 19.3 5.0 208 2,409 THe 
143 2.198 21.8 5.0 211 2.420 79.4 
148 2,208 24.2 5.0 213-2. 446 85.8 
154 2.219 26.8 520 214 2. 4a 8507 
360 82.219° 27.2 «560 216 2.461 89.9 
159 2.228 28.8 5-0 218 2.477 42 
163. 26234 3009 520 220 2.500 100 
165 2.239 31.9 520 220 2.515 100 
167 2.258 3567 520 223. 2.542 lll 
170 2.264 3763 50 224 2,556 114 
173 2.268 38.7 500 227 2.588 123 
176 2.273 40.3 500 228 2.620 130 
179 2.281 42.5 520 230 2.652 139 
182 2.288 hy, 4 5.0 231 2.69% 149 
186 2.302 4709 520 232 26713 154 
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Cro(80,,)4 61,0 


1¢) 37 Ba 
= as pts) ley na T4 e Mego" 
234 2.762 166 54 241 3.041 234 
237 «2,842 186 504 242 3,111 253 
238 2.904 201 5.5 243. 3.152 261 
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Table #5 


Al,( $0),)3 18H,,0 * 


e Ling e 
2.773 150 3.057 
2.808 155 3,091 
2.818 156 3.161 
22633 157 3.110 
2, 845 159 3.124 
2.856 161 3.143 
2. 865 164 3.168 
2. 876 165 3179 
2e 890 166 3.179 
2. 898 169 3.209 
2.902 172 3.224 
20912 173, 3.230 
2.935 175-3. 240 
20952 177 32251 
20974 179-3265 
2.985 186 3.291 
3.007 188 3.293 
3.019 189 3.293 
3.034 191 3.298 


TA 
192 
196 
199 
204 
205 


208 


*Yote: D remained constant over the entire temperature range. 


IV DISCUSSION 


Values of the apparent dielectric constant be and the 
dissipation factor D of Cy and C, in parallel are plotted 
as functions of temperaute for the various hydrates of 
chromic sulfate in figures # 10, 12, 14, end 16. ww bis 
plotted as a function of Yemperatere for these hydrates in 
figures #11, 13, end 15. The values of eats) were calculated 
from equation (12) by taking €,= e, €,= e extrapolated to T=0, 
N equal to the number of chromic ions, and V equal to the vol- 
ume of the condenser, The e vs. T curve for Alo (S0,)z 18H.) 
is plotted in figure #17. 

Figures #10, 12, and 16 all show an anomaly for e in the 
temperature range 180 to 210°A. Since the critical temperature 
is known to be 195°A from the work of Vasileff, it can be con- 
cluded that all of the violet hydrates show an anomaly in the 
dielectric constenmt at this temperature, Figure #14, however 
shows no such anomaly to occur for the green hydrate. This seems 
to indicate quite conclusively that this anomely is somehow 
connected with the presence of certain of the water molecules 
present as water of crystallization. All of the purple hydrates 
can be represented by the formula (Cr(Hp0) .)o(S04)% nHo0 , that 
is, six waters are coordinated through their oxygens to each 
chromic ion, and the sulfates are bonded through the waters +e 


to the chromic ions. This cannot be the case in the green hydrate. 
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It is believed that in this hydrate some of the oxygens in the 
octahedron surrounding each chromic ion belong to one or more 
of the sulfates. The crystal structure of none of these hydrates 
has been investigated,however, and the positions of the sulfates 
and the waters not contributing to the octahedra is not known. 
Hence it is not possible to make even a conjecture about the 
possible contributions of the various water molecules to the 
observed transition, if the transition is due at all to the 
"rotation" of certain of these water molecules, 

The behavior of the dark violet hydrates at tempere- 
tures above the critical temperature is quite markedly differ- 
ent from that of the light violet hydrate in the same tempera- 
ture range. Both the apparent dielectric constant e and the 
dissipation factor D increase repidly almost immediately above 
the transition in the former, while in the letter the dielect- 
ric constant decreases and the dissipation factor shows no rad- 
ical behavior until a temperature of about 230°A is reached 
where they both begin to increase sharply. This increase is 
also observed to commence in the green hydrate at approximately 
the same (actually a slightly lower) temperature. Smyth and 
Hitchcock@4 have observed a similar increase in the dielectric 
constant of ice at a frequency of 5Kc. in the same temperature 
range. This certainly seems to indicate that this phenomenon 


is also due to the water of hydration. However, the fact that 


24 sovth and Hitchcock, J.AM. Chem. Soc. 54 p 4631 (1932) 
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the dissipation factor also increases rapidly shows that a 
different mechanism is involved in are ce thah in the 
anomaly at 195°A, It has been observed that numerous hydrates 
exhibit similar behavbor slightly below the temperatures at which 
they begin to lose some of their water of hydration. Some ob- 
servers have attributed this increase in the dielectric cons- 
tant to the collapsing of the lattice. Kiriyama and Ibamoto*° 
concluded that the accompanying increase in the dielectric 
loss, which is indicated in this work by the increase in D, 
is due to protonic conduction in the absorbed water layers on 
the resultant dehydration products, but details of their theory 
have yet to be published at the time of this writing. The dif- 
ference in the temperatures at which this phenomenon occurs in 
the hydrates of chromic sulfate certainly indicates that certain 
water molecules are indeed bound more loosely than others, This 
also proves that the light violet hydrate is a distinct hydrate. 

Above the critical temperature the value of F(s), as we 
have defined it,is unity. However the formalism breaks down when 
e and D begin to increase with T. In this limited temperature 
range it should be possible to obtain values of MM), direc tly 
from figures #11 and 13. For Cro(S0,)z 16H,0 this gives a value 
fet Ase of approximately 0.10+107 58 per chromic ion, and for 


Cro(S04)z 15H_O0 a value of approximately 0.12°107 Sper chromic 


=) 
18 this means that gx 


ion. Since 4 is of the order of 10 
of 1071 if this transition is due to an order- 


is of the order 


ing of dipoles. 


-* Kiriyama and Ibamoto, Bul. Chem. Soc. Jape V26 noe 2 
(1953) 
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Figure #17, the e vs. T curve for A1,(S0,) 18H,0 , shows 
a rather peculiar shape, but there is no indication of a sherp 
transition. There appears to be no local maximum nor minimum. 
Also D is constant aficross the entire temperature range ine 
spite of the increase of e with T. 

The temperature gradient across the condenser was of the 
order of five degrees for most of the measurements made. It is 
believed that this caused a relatively sharp trensition which 
is known to occur over a narrow temperature range to be smooth- 
ed out and extended over a wider range of tempereture. Also, 
the maximum value of e observed through the transition must 
also be much lower than that which would be observed if there 
were no tempereture gradient across the condenser. 

Another fact which should be born in mind is that what 
has been measured is the apparent dielectric constant of a 
powder, not the dielectric constant of the compound. If the 
rejationship between the apparent dielectric constant e and 
the actual dielectric constant were a linear one, this would 
not be too serious e problem, but according to Kamiyoshi<6 
this is not the case. He shows on theoretical grounds that 
€ should increase almost parabolically with e. 

The observed transition would bear some further invest- 


igation. The temperature dependence of the dielectric gonst- 


ant should be determined over a wide range of frequencies 


26 xamiyoshi, K., loc. cit 


grade s to noitsoibat on at onus tud oa tie 
cumin te ton sum imasn Pe od ot exaeqys sted? .noltiensry 
~tt sanst otutstoquet stitne ody esoToNs dustemoo af T ocala 

.T sthiw @ To oasoreat exit to ettge 

elt To acy roansbt0d emt geotos tao tbety erutstegmes edt —— 
ai $I .obam sinasuivesem odt to taom tot ave1geb ovit to tebhT0 
dott soittisacst questa ylevitels: 2 beanse eidt tedt bevetied 


-asoomeg od ot oprtert stut ere gies WOTTSa 6 TOTS 1000 ot mwornl ar” 
,oslA ,stmtereqmes To sgnst 106 tw 2 teve bebnotxe bas tuo be 
teum aotttamsxd ect Aguoukt Serrsedo @ Yo owlay mm beam ott 

stout tk bevresdo ed bivaw dotdw stadt mast Geol dou od oats 
steanebnoe eit eeotos taetbetg siutsreqmuet om otew 
jodw tart et buiw mt mod ed biwode doldw tact redtomA ~~ 
s to tmstanoo oitt 90 Lo £6 igetsggs ent ef betsesom mood aad 
on? tI .hasogmoo ont to tustenoo ofttosfeth ont tom ,xobwoq | 
bus s tnotenos olfttosfeth tmersggs edt meowted qidanotisfor 
ofyow atdt ,omo teent£ s stew tneteamoo ofttosle th autos eat 
oS irigoyimsh of gutotooss tud ,moidotg s aso tree oot od ton 
tert absmyots Isotbetoeds mo awode olf -.0880 out tom ak a td 
9 dtiw ULisotlodartaq teomte eaxeitentt — a 
~fsevai tectaimt smoe raed bistow acy tenes bevresde ont” 
ten0p oitd cele th edt to © ons hire gob enst stegne+ eat ae 
ectoneupert to osnes obiw s tevo bonimreted od bivoda tea 


-40— 


to determine whether or not the transition is caused by the 
orientation of dipoles. If possible, the measurements should 
be made on a single crystal. Growing a suitable crystal seems, 
however, to be almost impossible since it would have to be 
grown from a supersaturated solution in which the previously 
mentioned equilibrium conditions between the different forms 

of the salt would present almost insurmountable complications. 
X-ray analysis through the transition would determine whether 
or not any polymorphic change occurred, and neutron diffraction 
analysis would allow the positions of the protons to be deter- 
mined, This would allow finel confirmation or negation of the 
hypothesis previously established that this transition is caus- 


ed by the freeing of certain water molecules to assume random 


orientations. 
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APPENDIX 


Calculation of ALLA 1 


Ay, may be calculated by rigorous evaluation of the 


equation 
WT 
Nicosy € (din) (da) 


J Mania 


in which W is the potential of average force and torque 


(Al) 


Vee aN 


between a molecule at the origin with its dipole along the 
polar axis, and another molecule at the position and orient- 
ation of integration. Yis the angle between the two dipoles 
and (7,4) is the configuration of the second molecule. Equation 
(Al) defines g, the correlation parameter, mirewooa sue cer ta 


the approximation 


~ 


MS xu [it BXcorr) ~ oe, a) 


where Zis the number of nearest neighbors, and <cos’) is 


given by 
— Wo) 
cos € Md) 
os ¥> = 2 (A3) 


3 tla ) (dw) 


Here Wo is the potential of average torque between nearest 
neighbors, and wW, and wWaindicate the relative orientations of 


these neighbors. Approximations involving the contributions 


21s rkwood, Loc. git. 


" XGA esp ster 


bY ee > ee tan I sf ip ahhiee 


ent ati. a fog ih at id iw init ent ts stuooton # 2 ce a 
«ine 00 bits oad Leo aut Ye @ ioe Lom coitons bas vein clog 
aolockh ovt echt aeowted efaas emt eft +9 th otgedat to. noite : 
no tFaupa cc ai bio 998. ott to soitaxwgttmnoe out el (eax) bas 
nosaaawe Se cnaghs Dt stotemeteg nolselettoo exit 3 gontteh “Ua A) 


no ft smtxotage suse 


(sa) Pe [errs Yas LAr a = 
et Qvansy brs rexodily fon seo Tcon & todmun ens ais ‘a 
vw bs 


(8a) 


-4D—_ 


of successive shells of neighbors have also been used.°° 


The value of may be cakculated by evaluation of the 


average induced moment of a molecule as follows: 


- eT 
N/a) 2 dr) lu) 


a ) (A4) 
fe MT tn)(du) 


where E(y,,W,) is the field at the origin resulting from a 


Toa 


molecule at the indicated configuration, X¢ is the polar- 
izability in the direction of E(r,w), and A, is the vacuum 
dipole moment, If E(y,,¥,) is approximated by the dipole field, 
XK. by its average value, and the integration extended onky 
over nearest neighbors, which are assumed to be fixed at 
their average distances, it is possible to obtain more readily 
@ value for A valid for strong interaction of neighbors. 

For small neighbor interaction, 4 may be better approx- 


imated by the Onsager*¥ormula, 


(2 Ze tl , A5 
Po = Mo ( &2)(Z0*") eh 


28 o.f. Pople, JeAs, Pro. Roy. Soc.(London) A205 p163 (1951) 


29 Onsager, loc. cit. 
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